The signal transducer and activator of transcription (STAT) family of proteins was originally discovered in the context of normal cell biology where they function to transduce intracellular and extracellular signals to the nucleus, ultimately leading to transcription of specific target genes and downstream phenotypic effects. It was quickly appreciated that the STATs, especially STAT3, play a fundamental role in human malignancy. In contrast to normal biology in which transient STAT3 signaling is strictly regulated by a tightly coordinated network of activators and deactivators, STAT3 is constitutively activated in human malignancies. Constitutive STAT3 signaling has been associated with many cancerous phenotypes across nearly all human cancers, including the upregulation of cell growth, proliferation, survival, and motility, among others. Studies involving candidate preclinical STAT3 inhibitors have further demonstrated that the reversal of these phenotypes results from pharmacologic or genetic inhibition of STAT3, suggesting that STAT3 may be a promising target for clinical interventions. Indeed, a Phase 0 clinical trial involving a STAT3 decoy oligonucleotide demonstrated that STAT3 is a druggable target in human tumors. Because of the ubiquity of overactive STAT3 in cancer, its role in promoting a wide variety of cancerous phenotypes, and the strong clinical and preclinical studies performed to date, STAT3 represents a promising target for the development of inhibitors for the treatment of human cancers.
Introduction
The signal transducer and activator of transcription (STAT) family is a group of ubiquitously expressed proteins involved in a wide variety of cellular processes. Canonical STAT signaling involves STAT monomers localized in the cytoplasm where they receive a wide variety of specific upstream signals. Upon activation, STATs dimerize and translocate to the nucleus where they activate transcription of specific target genes, ultimately leading to altered protein expression and cellular phenotype. To date, seven STAT family members have been identified -STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6 -and multiple isoforms of each have also been found. Each STAT protein includes several conserved domains that contribute to protein function ( Figure 1 ). The N-terminal protein-protein interaction domain (PPID) mediates interaction between neighboring STAT proteins (or other coregulatory proteins) and contributes to cooperative binding of STAT dimers on deoxyribonucleic acid (DNA), leading to the formation of stabilized tetramers. 1 This function, while nonessential for transcriptional activation, may contribute to enhanced STAT3 signaling by prolonging DNA binding. The DNA-binding domain is involved in sequence-specific DNA binding, recruitment of coactivators, and the activation of transcription of STAT3 target genes. The Src-homology 2 (SH2) domain is the mediator of STAT dimerization via reciprocal phosphotyrosine binding, a critical step for STAT activation. It is also involved in the recruitment of STAT to phosphotyrosine residues on other proteins, including tyrosine kinases, which then phosphorylate and activate STAT. The carboxy-terminal domains present in STAT1 and STAT2 are involved in further protein-protein interactions that impact STAT function, including those with comodulators of transcription such as the CREB binding protein. 2 These domains coordinately determine the varied functions of each STAT protein.
STAT proteins were originally identified in the context of their physiological roles as major effectors of cytokine and chemokine receptor signaling. In recent years, the discovery that dysregulated STAT proteins are key modulators of human malignancy has driven research into the functions of these proteins. It now appears that the contribution of STAT proteins to cancer, especially overexpression and overactivation of STAT3, is crucial for the development and progression of many cancers. As such, STAT3 is a promising target for the development of inhibitors and is the focus of much ongoing research and drug development.
Physiological roles of STAT3
Phosphorylation of STAT3 on tyrosine 705 (Y705) by various upstream kinases is critical for STAT3 activation. 3 A large number of protein tyrosine kinases directly phosphorylate STAT3 on Y705, including cytokine and chemokine receptors and their coactivators. Well-studied examples of such kinases include membrane integral receptor tyrosine kinases (RTKs) such as glycoprotein 130, the signaling subunit of the interleukin (IL)-6 receptor and other receptors, the epidermal growth factor receptor (EGFR), the fibroblast growth factor receptor, and non-RTKs that may or may not be associated with receptors such as Janus kinase (JAK), Src kinase, and Abl kinase. [3] [4] [5] [6] Upon STAT3 activation, dimers directly bind submit your manuscript | www.dovepress.com
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DNA at TT(N) [4] [5] [6] AA consensus sites and regulate transcription of specific target genes. 7 The binding affinity of STAT3 for this region is determined by both the nucleotide sequence and cooperative dimer-dimer interactions mediated by the amino-terminal PPID of STAT3. 7, 8 STAT3 activity can be further modulated by the phosphorylation of serine 727, though the context-specific consequences of serine 727 phosphorylation remain incompletely understood. 9, 10 In addition, STAT3 activity can be modified by reversible acetylation of lysine 685 (K685), an event that is critical for the formation of stable STAT3 dimers and is required for cytokine-induced STAT3-mediated transcription. 11, 12 Downregulation of STAT3 occurs by several mechanisms in normal biology. The suppressor of cytokine signaling (SOCS) family of proteins, especially SOCS1 and SOCS3, inhibit STAT3 in a cytokine-inducible manner by binding to and inhibiting upstream JAKs. 13, 14 Members of the protein inhibitor of activated STAT (PIAS) family, especially PIAS3, are small ubiquitin-like modifier-E3 ligases that bind specifically to STAT3 and abrogate its activity. 15 The SOCS and PIAS families together constitute major mechanisms by which STAT3 activity is downregulated quickly following stimulation with specific cytokines under normal conditions. Other proteins, including GRIM-19, can also abrogate STAT3 activity via direct interactions. 16 Importantly, enzymatic removal of the phosphate group from Y705 of STAT3 by protein tyrosine phosphatases (PTPs) can also occur. Like the upstream kinases, PTPs that inactivate STAT3 can be membrane integral (PTPR family, including PTPRT and PTPRD) or cytosolic (PTPN family, including PTPN2 and PTPN11). [17] [18] [19] [20] Additionally, removal of the acetyl group from K685 of STAT3 by deacetylases, including SirT1, can lead to STAT3 downregulation. 21, 22 The intricacy and redundancy of the many mechanisms of STAT3 activation and deactivation illustrate the importance of maintaining tight control over the STAT3 pathway in normal biology.
Perhaps the field of normal biology in which STAT3 is most well studied is that of inflammation and the immune response. The actions of many cytokines and chemokines that led to the discovery of the STAT family, especially IL-6 and interferon (IFN), are mediated principally by STAT3 and are critical for proper immune function. STAT3 activation is triggered in epithelial tissue and associated macrophages in response to immunoglobulin G complex deposition or injury. 23 In dendritic cells, the proinflammatory activity of IL-6 is mediated by transient activation of STAT3, whereas the antiinflammatory effects of IL-10 result from more sustained STAT3 activation. 24 Interestingly, artificial early termination of IL-10 signaling leads to an IL-6-like cellular response. 24 This rapid termination of IL-6 signaling appears to be mediated by SOCS3, which is encoded by a STAT3 target gene upregulated by both IL-6 and IL-10 that can inhibit signaling through the IL-6 receptor, but not the IL-10 receptor. 24 These findings suggest that the divergent consequences of various signals upstream of STAT3 may in turn be determined by the contribution of STAT3 inactivators that ultimately determine the duration of STAT3 signaling.
Increased STAT3 activity is also associated with wound healing. As many of the genes involved in wound healing are also involved in oncogenesis, it is not surprising that STAT3 regulates many of the same genes in both of these processes. 25 After cutaneous wounding in mice, IL-6 is upregulated in the epidermis primarily at the leading edge of the wound. 26 Genetic knockout of IL-6 in mice leads to deficient cutaneous wound healing, with knockout mice requiring up to three-fold longer to heal than wild-type mice. 26 Keratinocyte-specific STAT3 knockout in mice leads to impaired skin remodeling that results from impaired epidermal cell regeneration, confirming a central role for STAT3 in normal wound healing. 27 In the gut, STAT3 activation in intestinal epithelial cells regulates immune homeostasis. 28 Colonic CD11c + cells secrete IL-22 in response to Toll-like receptor activation, leading to STAT3 activation in intestinal epithelial cells and promoting wound healing, demonstrating that STAT3 is essential for the wound healing process in a variety of tissues.
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STAT3 plays additional roles in several other normal cellular processes. For example, STAT3 functions as the downstream effector of important hormones such as insulin and leptin in both the brain and peripheral tissues, allowing for regulation of energy and metabolite homeostasis. [29] [30] [31] [32] STAT3 is also involved in autophagy, embryogenesis, proper thymic function, mammary development, and other processes. [33] [34] [35] [36] The importance of STAT3 activity in normal biology is demonstrated in part by the ubiquity of its tissue distribution. STAT3 activation across these tissues is a transient event, and STAT3 is quickly downregulated. When aberrations occur in the strict regulation of STAT3, malignancies can develop.
Role of STAT3 in cancer Genomic and epigenomic deregulation of STAT3 in cancer
The STAT3 protein is overexpressed and/or hyperactivated in the majority of human cancers. 37 The prevalence of STAT3 overactivation in cancer cannot be explained by mutational activation of STAT3 because somatic mutation submit your manuscript | www.dovepress.com
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of the STAT3 gene in cancer is rare (1.08%; 54/4980 tumors analyzed to date by whole exome sequencing by The Cancer Genome Atlas). 38 Instead, STAT3 is the common effector of activating events affecting oncoproteins and deactivating events affecting tumor-suppressive proteins that ultimately lead to constitutive STAT3 activation. Dysregulation of diverse pathways that converge on STAT3 allows escape from the strict regulation that maintains transient STAT3 signaling in normal cell biology, leading to tumor-promoting cell proliferation, survival, motility, invasion, and angiogenesis. In addition, activation of STAT3 is associated with emergent resistance to targeted therapies and decreased patient survival. 39, 40 Among the first observations that indicated the importance of STAT3 in cancer was the phosphorylation of STAT3 by v-Src -a known oncoprotein at that time -as well as constitutive STAT3 tyrosine phosphorylation and DNAbinding in several v-Src-transformed cell lines. 41 Further study revealed that STAT3 activation and specific gene regulation is required for Src-mediated transformation of NIH-3T3 cells, leading to the conclusion that activation of STAT3 signaling is a critical component of malignant transformation. 42, 43 Additional studies generated similar findings in diverse systems, providing a strong case for the central role of STAT3 in a wide array of cancers. 39, [44] [45] [46] [47] [48] [49] Years of continued research have convinced physicians and scientists of the significance of STAT3 in cancer and have elucidated many, though certainly not all, of the mechanisms by which aberrant STAT3 signaling contributes to malignancy.
In addition to Src kinase, many kinases upstream of STAT3 activation are frequently found to be altered in cancer cells, leading to constitutive kinase and STAT3 signaling. In neuroblastoma, frequent point mutation of the RTK anaplastic lymphoma kinase (ALK) in the kinase domain (F1174L) leads to constitutive activation of STAT3. 50 Forced expression of this mutant, but not wild-type ALK, is sufficient to transform Ba/F3 cells, enables cytokine-independent growth, and confers sensitivity to the small molecule ALK inhibitor TAE684 in neuroblastoma cell line models. 50 Further, in ALK-positive anaplastic large-cell lymphoma cells that overexpress STAT3, inhibition of ALK leads to downregulation of total and active STAT3. 51 Similar results have been found for other kinase domain mutations, including the wellstudied JAK2 mutation V617F, which is primarily found in myeloproliferative disorders. 52, 53 Activation of JAK2 caused by this mutation leads to constitutive activation of STAT3 and is associated with reduced survival in idiopathic myelofibrosis. 54, 55 Another mechanism of kinase-driven STAT3 activation in cancer is genomic amplification of kinase genes or RTK ligands with subsequent protein overexpression, leading to enhanced activation of wild-type kinases. For example, gene amplification of PDGFRα or EGFR in distinct subsets of glial tumors leads to enhanced expression of those proteins and downstream signaling events, including activation of STAT3. 56 Overexpression of RTK ligands, such as IL-6 or transforming growth factor-α, can also lead to persistent STAT3 activation via autocrine signaling through their receptors. 57, 58 Other genomic events and rearrangements can also lead to kinase and STAT3 activation, such as that observed for the EGFRvIII protein, a constitutively active EGFR variant that is missing a large portion of the extracellular domain and exhibits impaired EGF binding. EGFRvIII expression is sufficient to transform NR6 cells (murine fibroblasts) and is associated with STAT3 activation and target gene expression. 59, 60 Conversely, activation of STAT3 in human cancers can result from genomic or epigenomic inactivation of proteins that normally downregulate STAT3 activity. In contrast to the frequent activation of kinases by point mutation, deactivation of tumor-suppressive proteins by point mutation is relatively rare because of the necessity for such mutations to function in a dominant negative manner. These events do occur, however, as evinced by recently reported mutations in GRIM-19 that ablate its STAT3 inhibitory activity and promote tumor growth. 16 Many investigators have recently begun to focus on epigenomic silencing of tumor-suppressive proteins that normally downregulate STAT3, especially by promoter hypermethylation. In lung cancer, for example, SOCS3 is frequently downregulated by promoter hypermethylation, and restoration of SOCS3 expression in cells where it was previously silenced leads to downregulation of active STAT3, induction of apoptosis, and suppression of cell growth. 61 As SOCS proteins have not been demonstrated to inhibit kinases other than JAKs, inactivation of the SOCS family is unlikely to contribute substantially to aberrant STAT3 signaling across cancer types. Indeed, SOCS1 is unable to inhibit STAT3-mediated transformation of NIH-3T3 cells by v-Src and does not reduce STAT3 target gene expression in this system. 62 Abnormal epigenomic alteration of other proteins that normally cause direct inactivation of STAT3, especially PTPs, remains incompletely understood and warrants further study. For instance, frequent methylation in the promoter region of PTPN6 is strongly correlated with decreased PTPN6 messenger ribonucleic acid (mRNA) expression and increased pSTAT3 expression in immunodeficiencyrelated non-Hodgkin lymphoma, demonstrating that submit your manuscript | www.dovepress.com Dovepress Dovepress epigenetic silencing of a phosphatase targeting pSTAT3 can lead to STAT3 activation. 63 Other phosphatases that act upon pSTAT3, including PTPRD and PTPRT, have recently been reported to have tumor-suppressive functions and are frequently found to be altered in cancer cells, including, by promoter methylation. 18, 64 Additionally, the glutathione S-transferase family member GSTP1, which downregulates EGF-mediated STAT3 signaling and expression of STAT3 target genes via a direct interaction with STAT3, is promoterhypermethylated in hepatitis B virus-associated hepatocellular carcinoma and prostate cancer, and is subsequently downregulated. [65] [66] [67] The diversity of genomic and epigenomic alterations in both activators and deactivators of STAT3 signaling is, in part, responsible for the high degree of difficulty in developing therapeutics that are applicable to a wide array of cancers; this suggests that targeting STAT3 directly may prove more efficacious. The further understanding of the many mechanisms contributing to aberrant STAT3 pathway activation may lead to the identification of biomarkers that can be used to establish subsets of patients who will most likely to respond to STAT3 inhibition.
STAT3 in cell growth and proliferation
STAT3 is a critical driver of cell growth in cancer, but not in normal cells. 68 Constitutive STAT3 signaling has been implicated in aberrant cell growth and proliferation in many cancers, including head and neck squamous cell carcinoma, colorectal carcinoma, melanoma, glioblastoma multiforme, multiple myeloma, non-small cell lung cancer, and others. 58, [69] [70] [71] [72] [73] A critical mediator of cell growth downstream of STAT3 is its target CCND1, encoding gene cyclin D1, which is upregulated transcriptionally by active STAT3 and is required for STAT3-mediated transformation. 74 Cyclin D1, in turn, acts through cyclin-dependent kinase (cdk)-dependent and cdk-independent mechanisms to allow passage through the G1 checkpoint of the cell cycle, ultimately leading to continuous and unregulated cell growth and proliferation. 75 In addition, the STAT3 target gene MyC, which itself encodes a transcription factor, is also a potent promoter of cell growth and is required for Src-mediated cellular transformation via STAT3. 45 Other target genes of STAT3 that contribute to cell growth and proliferation include cytokines and growth factors that often act in an autocrine manner to further increase STAT3 signaling and/or other mitogenic pathways. It has recently come to be appreciated that nontraditional gene products, including micro-RNA molecules that downregulate specific genes by binding to specific mRNA transcripts, are also mediators of STAT3 mitogenic function. For example, STAT3 is persistently active in Wilms' tumor, a genetically heterogeneous childhood kidney cancer, where it transcriptionally upregulates the microRNA miR-370, which in turn regulates cell proliferation and tumorigenicity in mice. 76 Cells transfected with miR-370 exhibit downregulation of the tumor suppressor WTX via direct binding to the 3′-untranslated region of WTX mRNA, leading to its degradation. 76 These cells also exhibit downregulation of the proteins p21
Cip1 and p27 Cip1 (which inhibit progress through the cell cycle) and upregulation of cyclin D1, illustrating novel mechanisms downstream of STAT3 that contribute to its proliferative capacity.
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STAT3 in apoptosis and cell survival
Constitutive STAT3 activation leads to evasion of apoptosis and a subsequent increase in cell survival. STAT3 transcriptionally regulates several Bcl-2 family members, including the antiapoptotic proteins Bcl-xL, Bcl-2, and Mcl-1. 77 The Bcl-2 family regulates apoptosis via homodimerization/ heterodimerization (the dynamics of which are determined stoichiometrically) and translocation to the mitochondrial membrane, where they ultimately regulate cytochrome c release and the initiation of apoptosis. STAT3-mediated upregulation of Bcl-xL, Bcl-2, and Mcl-1 contributes to apoptosis evasion in several cancers. [77] [78] [79] STAT3-mediated Bcl-2 expression in metastatic subclones of the parental cell line MDA-MB435 (estrogen receptor-negative breast cancer) correlates with increased pSTAT3, but not with other transcription factors that regulate Bcl-2, and contributes to chemoresistance in this cell line, suggesting that the antiapoptotic effects of STAT3 contribute to treatment sensitivity. 80 Furthermore, a small peptide, ST3-H2A2, that inhibits the function of the N-terminal PPID of STAT3 induces the expression of multiple proapoptotic genes (and others) in prostate cancer cells, suggesting that STAT3 inhibition may restore normal apoptosis. 81 STAT3 target genes that are not themselves in the Bcl-2 family can also contribute to evasion of apoptosis. Octamer transcription factor-1 (Oct-1) has been reported to be a target gene of STAT3 in esophageal squamous carcinoma cells (Eca-109), where STAT3 and Oct-1 coordinately regulate apoptosis. 39 In these cells, activation of STAT3 by IL-6 treatment suppresses apoptosis as assessed by TUNEL staining, and knockdown of either STAT3 or Oct-1 by RNA interference enhances apoptosis. 39 Conversely, forced overexpression of Oct-1 -even in the presence of STAT3 submit your manuscript | www.dovepress.com Dovepress Dovepress knockdown -is sufficient to reduce apoptosis to similar levels as IL-6 treatment, suggesting that STAT3-driven Oct-1 expression may be sufficient to reduce apoptosis to minimal levels in these cells.
39 STAT3 and Oct-1 knockdown leads to increased expression of proapoptotic Bax and Bad proteins, cytochrome c release from mitochondria, subsequent cleavage of caspases 3 and 9, and decreased expression of antiapoptotic Bcl-2 and Bcl-xL proteins. 39 These findings provide a mechanism by which STAT3 overactivation leads to positive feedback in the suppression of apoptosis in conjunction with its target gene Oct-1.
STAT3 in migration and invasion
Constitutively active STAT3 further contributes to the cancer phenotype by promoting motility and invasion, including in human melanoma where increased activation of STAT3 promotes metastasis to the brain. 82 The metastatic action of STAT3 is, in part, mediated by matrix metalloproteinases, a family of zinc-dependent endopeptidases that are secreted into the extracellular matrix. There the matrix metalloproteinases degrade extracellular matrix proteins, leading to facilitated cell migration, invasion through the basement membrane, and ultimately to the establishment of metastatic secondary tumors. The STAT3 target genes MMP-2 and MMP-9 are upregulated in esophageal squamous carcinoma cells (Eca-109) that express high pSTAT3, and STAT3 knockdown by RNA interference in these cells leads to downregulation of MMP-2 and MMP-9, dysregulation of cell migration directionality, decreased migration speed, and disorganization of F-actin formation; this demonstrates a central role for STAT3 in MMP-2/9-mediated cell motility. 39 In addition, activation of STAT3 is required for maximal MMP-1 and MMP-10 induction in response to EGF in T24 bladder cancer cells, where STAT3 is a critical mediator of malignant characteristics. 83 Other mechanisms that contribute to STAT3-mediated cell migration have been elucidated. For instance, EGFR activation via autocrine signaling in near-confluent, but not sparse, squamous cell carcinoma cells leads to activation of STAT3 and subsequent overexpression of the transmembrane glycoprotein podoplanin (PDPN). 84 This cell density-regulated PDPN expression leads to increased cell migration and invasion, and these effects are reversed by shRNA knockdown of PDPN. 84 Importantly, the observation of increased PDPN extends to clinical samples, in which PDPN is overexpressed in basal cell layers at the invading front of in situ SCC lesions, providing an additional clinically relevant mechanism by which STAT3 contributes to motility and invasion. 84 Similarly, STAT3 is necessary for EGFR-mediated migration and invasion in prostate carcinoma cells. 85 In addition, shRNA knockdown of STAT3 in Tu-2449 glioma cells leads to decreased PDPN expression and microvilli formation relative to vector-infected cells. 86 Thus, inhibition of STAT3 may be an effective strategy for preventing malignant transformation and metastasis in several human cancers.
STAT3 in the tumor microenvironment
STAT3 is a critical regulator of the tumor microenvironment. For example, STAT3 is the downstream effector of several cytokine receptors that are involved in promoting angiogenesis, including those for vascular endothelial growth factor (VEGF), basic fibroblast growth factor, leptin, IL-6, and granulocyte-macrophage colony-stimulating factor. [87] [88] [89] [90] In addition, STAT3 can promote transcription of proangiogenic factors, including vascular endothelial growth factor and IL-6, leading to paracrine and/or autocrine feedback. [91] [92] [93] Cytokine excretion from tumor cells also acts upon neighboring endothelial cells to promote proliferation, migration, and microvascular tube formation, leading to the development of mature blood vessels. The contribution of STAT3 activation to tumor angiogenesis, both in tumor cells and in endothelial cells, suggests that the inhibition of STAT3 may be an efficient method to block angiogenesis and tumor progression.
STAT3 is also involved in inflammation-associated carcinogenesis, suppression of the antitumor immune response, and maintenance of cancer stem cells. For example, nuclear factor-kappa B-mediated expression of IL-6 and subsequent activation of STAT3 is required for survival and evasion of apoptosis in intestinal epithelial cells during the development of colitis-associated cancer, a serious morbidity of irritable bowel disease. 94, 95 Furthermore, STAT3 activity is associated with reduced T-cell infiltration in isogenic murine melanomas, suggesting a role for STAT3 in suppressing tumor immunity. 96 Inhibition of STAT3 in these tumor cells and also in glioblastoma cell models stimulates secretion of soluble factors, including TNF-α and IFN-β, that ultimately lead to increased infiltration of lymphocytes, natural killer cells, neutrophils, and macrophages, and also activates nitric oxide production from macrophages in vivo and in vitro. 96, 97 In addition, genetic or pharmacologic inhibition of STAT3 in glioblastoma stem cells, even transiently, leads to a loss of multipotency and an irreversible growth arrest, suggesting that STAT3 is required for maintenance and submit your manuscript | www.dovepress.com Dovepress Dovepress proliferation of cancer stem cells in this system. 98 Thus, several mechanisms exist by which STAT3 inhibition may lead to tumor microenvironment disruption and subsequent regression. Table 1 summarizes the STAT3 inhibitors that are currently in clinical development according to www.clinicaltrials.gov. Of the four trials listed, one is complete and three are recruiting or ongoing. Both the Isis (Isis Pharmaceuticals, Inc, Carlsbad, CA, USA) and AstraZeneca (London, UK) compounds are antisense oligonucleotide inhibitors of STAT3, whereas the Otsuka (Otsuka Pharmaceutical Development and Commercialization, Inc., Rockville, MD, USA) compound is a small molecule that downregulates STAT3 through an unknown mechanism of action. No results have yet been published from any of these three studies. Preclinical data recently reported in a poster abstract at the 2013 Annual Meeting of the American Association for Cancer Research demonstrate potent and selective downregulation of STAT3 mRNA and protein following AZD9150 treatment in several murine models, including human tumor xenografts. Downregulation resulted in strong antitumor activity and the study suggests that AZD9150 may be effective clinically. 99 A full report of the completed STAT3 decoy Phase 0 trial and further development has been published. 100 The decoy, which was designed to bind to the STAT3 DNA-binding domain and prevent STAT3 binding to chromatin, consists of a 15-mer duplex oligonucleotide with phosphorothioate caps at the 5′ and 3′ ends to enhance stability in vivo. Intratumoral injection of this molecule prior to surgical resection in head and neck squamous cell carcinoma (HNSCC) patients led to decreased expression of STAT3 target genes relative to saline-injected tumors in a Phase 0 trial, confirming the ability of the decoy to downregulate STAT3 signaling in human tumors. Systemic administration of the decoy in a murine xenograft model failed to demonstrate any effect on tumor growth or STAT3 signaling as a result of low stability of the decoy in serum. To overcome this difficulty, modified decoys were designed and tested. A circularized decoy consisting of the original decoy with two hexaethylene glycol linkages demonstrated enhanced stability in serum, with detectable levels observed for up to 12 hours. Importantly, systemic administration by intravenous injection of the cyclic decoy in murine xenograft models inhibited tumor growth and expression of STAT3 target genes, demonstrating a successful strategy to inhibit intratumoral STAT3 signaling via systemic, rather than intratumoral, administration. The cyclic decoy has not yet been tested in humans; efforts are underway to further improve its preclinical pharmacodynamic and pharmacokinetic parameters.
Overview of the current STAT3 inhibitors in clinical development
In addition to targeting STAT3 via its DNA-binding domain with an oligonucleotide decoy, STAT3 may be targeted via its SH2 domain by small molecules, peptides, or peptidomimetic compounds. [101] [102] [103] [104] Such molecules are designed to disrupt STAT3 dimerization, thus preventing its translocation to the nucleus and transcription. Other inhibition strategies include the introduction of antisense oligonucleotides, as in the case of the Isis Pharmaceuticals, Inc/AstraZeneca drug in clinical development, designed to cause degradation of STAT3 mRNA or prevent its translation via complementary base pairing, thereby reducing total STAT3 protein levels. 105 Antisense strategies in particular will require exquisite tissue specificity, as they may lead to underexpression of STAT3 in normal tissues where its function is required. Recent high throughput and in silico Critical analysis of the potential for the use of STAT3 inhibitors in the management of human malignancy
For any protein to be the optimal target of inhibition for cancer treatment, it must exhibit several characteristics. Inhibition of the target protein must lead to downregulation of cell growth/proliferation, motility/invasion, and angiogenesis, as well as upregulation of apoptosis, cell death, and the antitumor immune response. The ideal target would also be applicable across a wide variety of cancer types. The inhibition of STAT3 in preclinical models has demonstrated all these characteristics across a wide variety of cancers, most likely via reversal of the many mechanisms discussed previously in this review. This suggests that STAT3 may be the ultimate target for inhibition in human malignancy. Importantly, a Phase 0 trial has demonstrated that STAT3 can be effectively targeted in human tumors, and further preclinical studies have suggested that systemic delivery of STAT3 inhibitors is likely to be effective. 100 In addition, because STAT3 signaling is transient in normal tissues and cells, the potential for adverse events following systemic administration of a STAT3 inhibitor is minimal. Indeed, toxicology studies in nonhuman primates demonstrate a lack of toxicity of a STAT3 decoy oligonucleotide. 107 Many of the recently approved cancer therapies target tyrosine kinases that are upstream of STAT3 activation, among other pathways. One hypothesis is that mutations in these kinases would signify constitutive activation and serve as a biomarker for patients who will most likely respond to these therapies. Unfortunately, clinical success with these agents has been limited, although in some cases they do prove extremely effective. Studies in preclinical models demonstrate that non-small cell cancer cell lines with mutations in select tyrosine kinases do not exhibit decreased STAT3 activation upon treatment with the respective targeted small molecules erlotinib (EGFR), U0126 (MEK1/2), sunitinib (PDGFRA), or crizotinib (MET), though other downstream effects of these inhibitors, including downregulation of phosphatidylinositol 3-kinase signaling, do occur. 108 These findings support the notion that directly targeting STAT3, rather than any large number of its upstream activators, may be more efficacious in reversing the effects of constitutive STAT3 signaling.
Though some patients initially respond to targeted therapies, many develop chemoresistance and secondary cancers that are associated with increased STAT3 signaling. For example, overactivation of STAT3 is associated with resistance to EGFR-targeted therapies in several cancers, including HNSCC, bladder cancer, and others. 40, 80 Biopsies of recurrent HNSCC following treatment with cetuximab, a Food and Drug Administration-approved monoclonal antibody targeting EGFR, exhibit elevated pSTAT3 relative to pretreatment samples. These results suggest that STAT3 inhibition may be effective at overcoming acquired resistance or as adjuvant therapy to prevent recurrence. 40 Treatment of bladder cancer cell lines that are resistant to cetuximab and exhibit elevated levels of activated STAT3 relative to cetuximab-sensitive cell lines leads to reduced cell viability and downregulation of STAT3 target genes. 40 Importantly, a combination of STAT3 inhibition with EGFR blockade significantly enhances antitumor effects in vivo relative to EGFR blockade alone, suggesting that the efficacy of already existing (and approved) drugs may be significantly increased by concomitant treatment with STAT3 inhibitors. 40 An additional mechanism of acquired resistance to targeted therapy is the activation of IL-6 following treatment. For example, acquired resistance to trastuzumab (a monoclonal antibody targeting the HER2/neu receptor) in HER2-positive breast cancer is associated with the activation of an IL-6 inflammatory feedback loop in which downstream STAT3 signaling contributes to cancer stem cell proliferation, providing additional rationale for cotargeting with a STAT3 inhibitor. 109 Likewise, resistance to the tyrosine kinase inhibitor imatinib mesylate, which targets the BCR-ABL oncoprotein, in chronic myeloid leukemia cell models is also associated with increased STAT3 activation and target gene expression. 110 Knockdown of STAT3 by small interfering RNA in this context resensitizes the cells to imatinib mesylate-induced cell death, suggesting that STAT3 inhibition may also be effective at overcoming targeted therapy resistance in hematological malignancies. 110 Challenges in the development of STAT3 inhibitors to date have largely been overcome. Firstly, STAT3 and other transcription factors were widely regarded as untreatable with drugs mainly because they are not exposed to the extracellular surface and do not have clear ligand-binding domains that can be targeted for competitive inhibition. These perceived difficulties have proven surmountable in the case of STAT3 in both preclinical and clinical models, with STAT3-targeting agents effectively downregulating the pathway and reversing its oncogenic effects. A second submit your manuscript | www.dovepress.com Dovepress Dovepress obstacle in targeting STAT3 was its structural homology with STAT1, a family member with tumor-suppressive properties in many systems. This challenge has been overcome both with oligonucleotide inhibitors, which exploit the exquisite specificity of the DNA-binding domain, and with recent high-throughput screens of compound libraries to identify candidates that specifically inhibit STAT3 and not STAT1. Both of these strategies may lead in the near future to novel clinical therapeutics targeting STAT3.
Conclusion
Recent advances in the understanding of STAT3 signaling and its role in cancer have led to the establishment of STAT3 as a potential target for a wide variety of human malignancies. Whereas some clinical success has been found in the treatment of cancer with nonspecific chemotherapeutics and some targeted agents, there remains an urgent need for new classes of inhibitors of novel targets that will be widely applicable, well tolerated, and highly effective. The sum of preclinical and clinical data to date supports a unique role for STAT3 as one such target. Indeed, many therapeutic clinical successes to date have been associated with decreased STAT3 signaling, but because of the diversity of signaling components upstream of STAT3, the high cost of developing inhibitors for each one, the potential for emergent compensatory mechanisms, and the development of resistance to a given therapy, directly targeting STAT3 will likely be a preferred strategy.
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